Background-Air temperature changes have been associated with cardiovascular mortality and morbidity. The objective of this study was to examine in detail the registry-based myocardial infarction (MI) rates and coronary deaths in relation to air temperature in the area of Augsburg, Germany.
C old periods, but also extreme heat, have been reported to be associated with cardiovascular mortality [1] [2] [3] [4] [5] and morbidity. 6 -8 Most of these studies analyzed mortality data from national death statistics or hospital admission rates, which might be subject to misclassification and/or referral biases. 9 Several studies examined the relationship between weather variables and the incidence of cardiovascular events, especially myocardial infarctions (MIs), through the use of registry 10 -15 or similar validated data. 9 Some of them considered only seasonal 15 or monthly 12 variations in MI rates, but the majority investigated the influence of meteorology on MI rates on a daily basis. Except for 1 study, 9 which did not see any seasonal changes in incident MIs, the seasonality pattern for coronary heart disease with winter peak and summer trough 16 could be confirmed. Relative to air temperature, the results differed not only in their strength but also in their directions. Although 2 studies 9, 14 could not identify any effect, another study 13 described a V-shaped association showing an increased risk on region-specific cold days and, to a lesser extent, on hot days. Furthermore, a linear relationship with increased risk on colder days also was described. 10, 11 With regard to climate change, proper specification of the exposureresponse curve is needed to correctly assess the impact of global warming and higher variations in temperature extremes. 17 
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The objective of this analysis was to examine MI rates and coronary deaths in relation to air temperature on the basis of the Monitoring Trends and Determinants on Cardiovascular Diseases/Cooperative Health Research in the Region of Augsburg (MONICA/KORA) MI registry data between 1995 and 2004. Specific aims were to test whether effects on fatal and nonfatal or incident and recurrent MIs are similar, to assess the exposure-response function, to compare different temperature metrics, to study the influence of warm and cold years, and to inspect potential effect modification by personal characteristics.
Methods

MONICA/KORA MI Registry
The population-based Augsburg MI registry was founded in 1984 as part of the World Health Organization's MONICA project and since 1996 has been continued by the Cooperative Health Research in the Region of Augsburg. The registry records all cases of fatal and nonfatal MI and coronary deaths among persons 25 to 74 years of age with principal residence in the city of Augsburg, southern Germany, and the 2 adjacent rural districts of Augsburg and Aichach-Friedberg. Altogether, the study population consists of Ϸ400 000 inhabitants 25 to 74 years of age. According to the MONICA protocol, 18 hospital admissions are continuously monitored, and MI patients who survive at least 24 hours are asked for an interview about the event, medication, and family history. Coronary deaths are fatal cases outside the hospital or within 24 hours after admission. They are identified by checking all death certificates within the regional health departments, together with information from the last treating physician and/or coroner. Although the MI diagnosis was clinically redefined in 2000, we used the MI diagnosis established in 1985 over the whole period for consistency. 19, 20 The diagnostic criteria included chest pain lasting Ͼ20 minutes that was not relieved by the administration of nitrates, Q waves on ECG examination that suggest an evolving MI, and/or subsequent increases in the level of creatine kinase, aspartate aminotransferase, or lactate dehydrogenase to more than twice the upper limit of normal. We considered all recorded fatal and nonfatal events between 1995 and 2004.
Meteorological, Air Pollution, and Influenza Data
Air temperature, relative humidity, barometric pressure, and ozone were measured by the Bavarian Air Monitoring Network at background air monitoring sites located at Haunstetten, a suburb 7 km south of the Augsburg city center. From 1995 to 1999, total suspended particles were measured with a ␤-absorption device (ESM-Andersen FH 62 I-N, Erlangen, Germany) at 2 fixed urban background sites within the city of Augsburg and scaled down by a factor of 0.83 to derive particulate matter with an aerodynamic diameter Ͻ10 m (PM 10 ). 21 After 1999, PM 10 was directly assessed with the same devices; beginning in 2001, a third monitor also was used. Monitors were averaged with a modified Air Pollution and Health: A European Approach procedure. 21, 22 Particle number concentration, an indicator of ultrafine particles, was obtained from 1999 to 2004 by a condensation particle counter (CPC 3022A, TSI Inc., Shoreview Minn) and imputed retrospectively within a regularized linear prediction model. 23 All data except PM 10 were available on an hourly basis, and 24-hour mean values were calculated if at least 75% of the hourly values were available. Data on influenza epidemics were obtained from the German Influenza Working Group. 24 
Statistical Analyses
We assessed the association between air temperature and daily cases of MI and coronary deaths using generalized additive quasi-Poisson models to accommodate a Poisson distribution with constant overdispersion. Because we assumed that changes in the underlying population at risk over the years could be modeled with a smooth trend function, we did not adjust the event rates for age or sex. Twenty-four-hour mean temperature of the same day (lag0), the day before MI occurrence (lag1), and up to 4 days before the event (lag1 to lag4), as well as the average temperature over 5 days (mean of lag0 to lag4), were taken separately in the model as linear terms. As potential confounders, we considered a global trend over time, seasonal and weekday variations, relative humidity, and barometric pressure.
Model selection was carried out by minimizing the generalized cross-validation criteria and the absolute value of the sum of the partial autocorrelation function. 25 Time trend and relative humidity were forced into the model even if model fit was not improved. The final model included a penalized regression spline of time trend, relative humidity as a linear term with the same lag as the temperature term, season as a categorical variable (March through May, June through August, September through November, and December through February), and an indicator variable for Monday (for a detailed summary, see Table I of the online-only Data Supplement).
Besides the daily rate of total MI, nonfatal (survived Ͼ28 days) and fatal events and incident and recurrent events were inspected separately. Additionally, we assessed the shape of the exposureresponse function by including air temperature as a penalized regression spline.
In addition to the 24-hour mean temperature, we estimated the influence of 5-day average temperature, 24-hour maximum and minimum temperatures, the temperature range (maximum minus minimum temperature), apparent, temperature and dewpoint temperature on the daily count of MI. Apparent temperature (AT) was defined as follows:
Ϫ241.413, where T is air temperature and RH is relative humidity. 26 Furthermore, indicator variables for the 5% or alternatively the 1% hottest and coldest days were added to the model to examine their particular influences.
We calculated the yearly mean temperature for each of the 10 years and categorized them into cold, moderately tempered, and warm years to investigate whether short-term temperature effects differed in predominantly warm or cold years. The categories were defined on the 10-year distribution of the 24-hour average temperatures. We categorized the yearly averages within these tertiles and created 3 variables that contained the 5-day average temperature if the day derived from a cold, moderately tempered, or warm year and 0 otherwise. The same was carried out for winter (October to March) and summer (April to September). We thus calculated 2 separate models: 1 with the 3 temperature variables for cold, moderately tempered, and warm years and 1 with the winter and summer categories. Both were adjusted for time trend, an indicator variable for Monday, and 5-day average relative humidity; the whole-year model was additionally adjusted for season.
Moreover, we assessed effect modification by gender, age groups (25 to 54, 55 to 64, and 65 to 74 years of age), and history of hypertension and diabetes mellitus. All statistical analyses were performed with R software, 27 version 2.7.2, the "mgcv" package. 28
Sensitivity Analysis
To explore the robustness of the models, we used different values of smoothness for the function of time trend. Furthermore, because time trend, season, and temperature partly compete for the same effects, the model was reduced by leaving out the seasonal categories. We also adjusted for influenza epidemics as described by Stölzel et al. 29 Moreover, we included barometric pressure and air pollutants (PM 10 , particle number concentration, and ozone) linearly with the same lag as the temperature term as an additional adjustment. We also investigated interaction effects between barometric pressure or air pollutants and temperature by considering those variables as multiplicative linear terms. Air pollution marker and respective time lags were chosen on the basis of a significant influence on the relative risk (RR) for MI in at least 1 of the 5 main outcome groups. Because urbanicity is known to affect temperatures, we also stratified by region (city versus counties of Augsburg).
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Results
Study Population
A total of 9801 coronary events occurring in 9199 subjects were recorded between 1995 and 2004. Of these events, 4838 were nonfatal MIs and 4963 were coronary deaths and fatal MIs (MIs between the 2nd and 28th days). The proportion of incident and recurrent MIs constituted 70% and 21%, respectively. The remaining 9% could not be categorized in either of the subgroups because of missing information and originated almost exclusively from fatal cases. Fifty-six percent of recurrent events but only 43% of incident MIs were fatal. Baseline characteristics for all cases and MI subgroups are summarized in Table 1 . The percentage of men was lower and the mean age was higher within fatal cases than within nonfatal cases. The group with recurrent MI was older and included more men than the group with incident MI.
Meteorology and Air Pollutants
Summary statistics for meteorology and air pollutants are presented in Table 2 ; for the Spearman correlation coefficients, see Table II of the online-only Data Supplement. The different temperature measures were highly positively corre-lated except for the temperature range, whereas only a moderate correlation could be observed for mean temperature and relative humidity, ozone, or particle number concentration. No correlation was present between mean temperature and barometric pressure or PM 10 .
Association of Temperature and MI
Daily air temperature and daily numbers of nonfatal and fatal MIs are presented in the Figure I of the online-only Data Supplement. A smooth function for the observed numbers of daily events showed higher rates in winter and lower rates in summer.
Results of the Poisson models for the same-day and 5-day average temperature are summarized in Table 3 . Results for temperature changes lagged 1 to 4 days are shown in the Table III of the online-only Data Supplement. RR estimates and corresponding 95% confidence intervals (CIs) for the effect of MI events are expressed for a 10°C decrease in air temperature because this number describes a plausible change in temperature and lies close to the interquartile range of 12.8°C. A decrease of 10°C was significantly associated with an increase in the numbers of MI except for recurrent events. Relative to total cases, the strongest effect was seen for lag of 3 days, and a similar effect was noted for the 5-day average. Nonfatal events showed a delayed pattern, whereas fatal events were associated with all time windows. For the subgroup of incident MIs, the cumulative effect of the 5-day average temperature had the largest RR. Relative to the exposure-response function, there was no evidence of a deviation of log linearity in the relationship between temperature and daily MI counts (data not shown). The effect estimates for 5-day average minimum, maximum, apparent, or dewpoint temperature did not differ substantially from the effect estimate for 5-day average mean temperature ( Figure II of the online-only Data Supplement). The 5-day average temperature range was less associated with the total number of MI. The inclusion of indicator variables for the 5% and 1% hottest and coldest days did not change the temperature estimates, and the indicators themselves were not significant (data not shown). Figure 1 shows the association between MI cases and 5-day average temperature for cold, moderately tempered, and warm years ( Figure 1A) further divided into cold, moderately tempered, and warm summers ( Figure 1B1 ) and winters ( Figure  1B2 ). The estimates in Figure 1A were derived from a separate model, whereas the estimates in Figure 1B1 and 1B2 resulted from a joint model. The effects of temperature were consistently observed in moderately tempered and warm years, summers, and winters. In cold winters, MI rates were less influenced by temperature decreases.
Men and women, diabetic and nondiabetic, showed no difference in the RR of MI for a 10°C change in temperature. Patients with history of hypertension showed slightly larger RRs compared with patients with no history. The strongest influence was found for patients 55 to 64 years of age, whereas for the younger group, no association was observed ( Figure 2 ).
Sensitivity Analysis
Allowing for more variability in the seasonal adjustment did not alter the results considerably (Table IV of the online-only Data Supplement). However, the examination of partial autocorrelation plots indicated some overfitting. The exclusion of season resulted in similar but somewhat higher effect estimates with narrower CIs. The additional adjustment for influenza epidemics did not affect the temperature estimates. Moreover, air pollutants did not alter the temperature rela-tionship with MI significantly when entered as additional confounders (Table IV of the online-only Data Supplement) or interaction terms (data not shown). Slightly higher RR estimates of 5-day average temperature for the inhabitants of the city (RR, 1.12; 95% CI, 1.03 to 1.21) were observed than for the county population (RR, 1.09; 95% CI, 1.01 to 1.17).
Discussion
This registry-based time-series study over 10 years showed an inverse association between air temperature and total number of MIs and coronary deaths. The subgroup of recurrent events was not affected. A comparison of different temperature metrics showed no appreciable differences except for the temperature range, which is more a marker for the fluctuation within a day than for temperature itself. In warmer and moderately tempered years, the association of MI occurrence and decreasing temperature was more pronounced than in colder years. In cold winters, no significant risk increase was observed. Patients 55 to 64 years of age were identified as being the most susceptible. No effect modification by gender or history of diabetes mellitus was observed, whereas the effect of temperature on MI was somewhat stronger for patients with a history of hypertension. No interaction with air pollutants could be detected.
In this study, we observed an overall increase in the RR for all events of 7% per 10°C decrease in same-day temperature, whereas a French registry-based analysis reported an increase of 13% for the same increment. 10 The authors identified recurrent cases of MI as most susceptible, which could not be confirmed by our analysis. However, when analyzing seasonality and weather in relation to sudden cardiac deaths, Gerber et al 9 reported for temperatures Ͻ0°C versus 18°C to 30°C a 35% increased risk for subjects without prior coronary heart disease, whereas no effect for subjects with prior coronary heart disease was observed. A similar effect modification was described by Ruidavets et al 30 for the impact of air pollution on MI rates. Possible explanations could be improved medication and the increased awareness that subjects with a history of MI may be susceptible.
Because temperature influences on mortality have usually been described by U-, V-, or J-shaped functions, 4 we inspected the exposure-response curve by nonparametric smooth functions. An increased adaptation of the smooth function to the data confirmed the linear relationship identified by Danet et al 10 for this temperature range. One registrybased study from Australia 13 and a study on emergency room admissions for acute coronary syndromes in Taiwan 7 reported U-and V-shaped exposure-response functions when quantiles were used to model a nonlinear relationship. Although the warmer categories showed higher effects compared with the corresponding reference categories, neither was significant.
Studies across US cities 11, 31 and European regions 5, 32 have consistently reported stronger cold effects in warmer climates. The separate inspection of temperature for cold, moderately tempered, and warm years and for summers and winters in our study gave similar results. Thus, it can be hypothesized that subjects do not adapt only to regional but also to seasonal mean temperatures. We would assume that in a cold winter people are more habituated to the cold and therefore the influence of decreasing air temperature does not have the same extent as in a warm winter. Our analysis was able to show an increase in MI rates for a previous drop of temperature in both winter and summer. Thus, our results point not to a pure cold effect as described by Medina-Ramon et al 33 for extremely cold days and cardiovascular deaths but rather to an influence of the unusualness of cold temperatures. 1 With regard to climate change and its speculated higher variation in temperature extremes, 17 an intensification rather than a reduction of this effect might be expected. Furthermore, the hypothesis of a compensation of higher heat-related rates by lower cold-related rates as suggested for mortality 32 seems not to apply to MI cases and coronary deaths. We identified a slightly protective effect of moderate temperature but no effect of extreme heat. This could be due to the relatively tempered climate in Augsburg, which is not comparable to southern European countries or warmer US states where heat effects in association with excess mortality have been frequently observed. 34 -37 Moreover, heat possibly plays a minor role in the onset of MI. Medina-Ramon et al 33 reported a reduced risk for MI deaths compared with other mortality causes on days with extreme heat. On the other hand, when comparing the same 50 US cities by their temperature means, Medina-Ramon and Schwartz 1 saw greater heat effects in cities with lower temperature, also for MI mortality.
Danet et al 10 reported strongest effects for the 55-to 64-year-old group, which could be confirmed by our study. However, subjects 65 to 74 years of age showed a still significant but smaller effect that could be due to higher rates of medication intake by and better susceptibility awareness of the older persons. Confounding or effect modification of the temperature effects resulting from gaseous or particulate air pollutants as suggested by several studies 26, 38, 39 for mortality could not be detected and confirms recent results. 40
Mechanisms
Potential mechanisms to explain the increased risk for incident coronary events in association with decreasing temperature include the stimulation of cold receptors in the skin and therefore the sympathetic nervous system, leading to a rise in the catecholamine level. The consequences are vasoconstriction and increased heart rate and blood pressure. [41] [42] [43] An increased blood pressure decreases the ratio of myocardial oxygen supply to demand and may lead to myocardial ischemia, particularly in a vulnerable myocardium. Moreover, a drop in temperature could be related to an increase in fibrinogen 44, 45 and C-reactive protein. 44, 46 In cold conditions, the plasma concentrations of certain clotting factors, platelet count, and their in vitro aggregation are all increased and promote clotting. 45, 47, 48 Furthermore, reduced plasma volume and increased blood viscosity during cold exposure also tend to promote thrombosis. 47, 48 Hence, well-known cardiovascular risk factors are elevated during colder periods, and recurrent changes in markers of atherothrombosis may contribute to the risk of triggering acute coronary events. A potential explanation for the lack of influence on recurrent events could be that once people survive an event, they become more aggressively treated and may be protected from adverse effects of cold temperatures. Alternatively, the difference could be a chance finding because this subgroup was the smallest in our analysis.
Strengths and Limitations
The main strength of this study is the validated, complete, and detailed registration of all MI cases in the study region by the MONICA/KORA MI registry. 18 -20 Other strengths are the possible nonlinear confounder adjustment, the consideration of other meteorological parameters, the information on patient characteristics to conduct subgroup analyses, and the availability of air pollutant measurements for the examination of potential confounding and effect-modifying influences.
However, there is the potential for residual confounding. At cold temperatures, behaviors such as smoking, physical activity, diet, or stress reactions could change. However, we could identify similar effects of decreasing temperature in winters and summers in which the impact of cold temperatures on behaviors is supposed to be very different in a temperate climate. One of the limitations of our study is the different precision of time of onset for nonfatal and fatal events. For nonfatal events, time of symptom onset was used and validated against the information from the medical records. For fatal events, time of hospital arrival or death was used instead. The age range of the registry of 25 to 74 years has limitations, especially for women who suffer from MIs more frequently at older ages. A further limitation is that only outdoor temperature was measured, although people usually spend a lot of time indoors at room temperatures. In addition, housing characteristics could play a role. However, we could identify similar effects of decreasing temperature in winters and summers when the time periods spent outdoors are supposed to be very different. Only 1 measurement location was used, which is a source for exposure misclassification. The stratification by region indicated slightly higher risks for inhabitants of the city and slightly lower risks for the county population. This deviation may originate from differences in microenvironmental temperatures, living conditions, and behavioral factors of city and county inhabitants. Moreover, effect modification by medication intake, individual smoking, and exposure to secondhand smoke could not be considered because these data were not available for most of the fatal cases. Potential higher effects in winter, which could be attributed partly to greater exposure to secondhand smoke on cold days, could not be seen.
Conclusions
This registry-based study carried out over 10 years in a region of tempered climate showed an increased risk for the occurrence of MI in association with a decrease in air temperature. The association was similar for winters and summers and was more pronounced in years with higher average temperatures. Therefore, we suggest that the influence of unexpected temperature decreases is more relevant than the absolute temperature level itself.
